We present a study of the effects of magnetic fields on various physical quantities in hadron resonance gas model. We find significant non-trivial dependence of particle ratios on the magnetic field. Depending on the charge and spin, some of the particle ratios are even getting inverted due to the magnetic field. There is also significant changes in the fluctuations of net baryon number, electric charge and strangeness. This is also reflected in various fluctuation ratios along the freezeout curve.
INTRODUCTION
Heavy Ion collisions (HIC) are investigated both theoretically and experimentally to understand the properties of nuclear matter at extreme conditions. HIC experiments at AGS (BNL), SPS (CERN), RHIC (BNL) and LHC (CERN) provide us large amount of data to explore strongly interacting matter at high temperatures, baryon densities being small. The large baryon densities at relatively low temperatures is expected to be explored in near future at FAIR (GSI) and NICA (JINR). One of the most important issues addressed in HIC is the possibility for nuclear matter to undergo a phase transitions to quark matter. At low baryon density and high temperature nuclear matter is expected to smoothly cross over [1] to a quark gluon plasma (QGP) phase. Whereas, at high baryon density and low temperature the system is expected to have a first order phase transition [2] [3] [4] .
The study of the effect of magnetic field on the phase transition has become a subject of intense research for last few years. The phase transition in Quantum Chromodynamic (QCD) system is usually expected to occur around the QCD energy scales Λ ∼ 200 MeV. So one should be interested in the magnetic fields with strength B ∼ (200 MeV) 2 ∼ 2 × 10 8 G. Though the effect of magnetic field in neutron stars has been a topic of interest, both theoretically as well as observationally, for a long time, the strength of magnetic field can be as large as 10 15 G only on the surface of magnetars. On the other hand, non-central relativistic HIC may create extremely strong magnetic field (∼ m 2 π ∼ 10 18 G) due to the relativistic motion of the charged particles. The estimated magnetic field (B) may reach up to order of 0.1m has also studied a beam energy dependence of the charge separation [20] . They have found a decrease in the signal with beam energy which seem to imply the effect of larger contribution of hadronic interactions over partonic at lower energies. However, the explanation of the results, in terms of CME is still under debate as the analysis may be sensitive to other background correlations such as elliptic flow, jets etc. [21] .
The magnetic catalysis, in simple words states that magnetic field favours chiral symmetry breaking. In other words, the presence of magnetic field is expected to increase the critical temperature. In contrast, in a dense medium, at zero temperature, critical chemical potential has been found to decrease with magnetic field. Hence the presence of magnetic field is expected to affect the phase diagram. The modification of QCD phase diagram in presence of magnetic field has been extensively studied using model calculations [23] [24] [25] and lattice QCD (LQCD) [26, 27] . In PNJL model [25] it was shown that the external magnetic field works as a catalyzer of dynamical symmetry breaking. Moreover, the critical temperature increases with increase of strength of magnetic field (B). In recent LQCD studies [26] , it has been found that the transition temperature significantly decreases with increasing magnetic field. Fluctuations and correlations of hot QCD matter in presence of external magnetic field have also been studied in PNJL model [28] . It was observed that fluctuations and correlations increase in presence of a magnetic field in the regime of chiral crossover. Other observable like elliptic flow coefficient can also increase in presence of a strong magnetic field [29] .
Anisotropic electric conductivity of hadronic matter is another effect of strong magnetic field which has been found in lattice studies [30] . Since this conductivity is related to the lepton emission rate [31, 32] , such anisotropy in conductivity should create an anisotropy in the dilepton emission rate with respect to reaction plane and should be observed in experiments.
The effect of magnetic field on the final observables in relativistic HIC would also depend on the evolution of the magnetic field. Depending on the electrical conductivity of the medium the magnetic diffusion time τ mag may vary from 0.3 fm to 150 fm [33, 34] . So for large diffusion time one may consider the magnetic field to be constant. In view of the possible roles of magnetic field, it would be interesting to study its effect on fluctuations and correlations of the produced hadrons.
In this work we plan to study the fluctuations and correlations of strongly interacting matter using the Hadron Resonance Gas (HRG) model . This is quite a successful model to access the low temperature region of the EOS. In HRG model, the confined phase of QCD, i.e. the hadronic phase, is modelled as a non-interacting gas of hadrons and resonances. Also, the particles are in thermal and chemical equilibrium. This model is consistent with zero chemical potential EOS, obtained from LQCD, below critical temperature. This is a very successful model to describe particle yields produced in heavy ion collision experiments from AGS to RHIC energies.
Recently, the hadronic EOS for nonzero magnetic fields has been studied within the HRG model [55] . On the other hand study of fluctuations and correlations of conserved charges is a reliable way to study the phase transition. These quantities behave quite differently in the hadronic and quark phases [58] [59] [60] . Moreover, the fluctuations are expected to be enhanced near phase boundary and are related to the critical behaviour of strongly interacting matter [61, 62] . Furthermore, by studying event-by-event fluctuations [63] as a function of varying control parameters (like beam energy) in a HIC experiment [64] [65] [66] [67] it would be possible to learn more about the QCD phase diagram.
In this paper we have studied EOS as well as fluctuations and correlations of different conserved charges using HRG model in the presence of magnetic field. The paper is organised as follows. In the next section we discuss the HRG model in presence of a magnetic field. Section III is devoted to presenting our results and in section IV we conclude.
II. HRG MODEL IN PRESENCE OF MAGNETIC FIELD
The grand canonical partition function of a non-interacting hadron resonance gas can be written as sum of partition functions lnZ id i of all hadrons and resonances
where id refers to ideal i.e., non-interacting HRG. For i th particle,
where V is the volume of the system, g i is the degeneracy factor, T is the temperature, E i = p 2 + m 2 i is the single particle energy, m i is the mass and µ i = B i µ B + S i µ S + Q i µ Q is the chemical potential. In the last expression, B i , S i , Q i are respectively the baryon number, strangeness and charge of the particle, µ , s being corresponding chemical potentials. The (+) and (−) signs corresponds to fermions and bosons respectively. For simplicity we do not consider repulsive interactions here.
In this section we study effect of strong magnetic field on EOS as well as on fluctuations. Magnetic fields created in the non central heavy-ion collision are studied using UrQMD [5] . There it was shown that the magnetic field can reach upto eB ∼ 0.1m 2 π for SPS energy range, eB ∼ m 2 π for RHIC energy range and eB ∼ 15m 2 π for LHC energy range. It is well known that in the presence of a constant magnetic field along a particular axis, say along the z axis, the path of the charged particle will be a helix whose axis lies along the z axis and whose projection on the x-y plane is a circle. The circular motion in x-y plane is due to the Lorentz force experienced by the particle. For a constant strong magnetic field (B z ) along z-axis, the single particle energy eigen value is given by [68] 
where p z is the component of particle momentum along the direction of the external magnetic field, q i = Q i e is the charge of the particle and e is the charge of the electron, n is a integer which runs from zero to infinity in step of unity for allowed Landau levels, s z are the components of spin s in the direction of magnetic field. For a given s, there are 2s + 1 possible values of s z (say for proton, s z = −1/2 to +1/2 in step of 1). As a result
i.e., only the components of momentum perpendicular to the magnetic field is modified whereas momentum parallel to the magnetic field remains same as before. With increase of B z , separation between momentum states of particles increase. As B z goes towards zero, momentum states no longer remain discrete but become continuous. Therefore, the partition function for i th particle in presence of magnetic field can be written as,
where g ′ i is the degeneracy other than spin. So partition functions of charged particles will be modified by the magnetic field whereas that of neutral particles will remain same as that of non-interacting gas.
Once we know the partition function of the system, the partial pressure P i , the particle density n i , the energy density ε i , and the entropy density s i can be calculated using the standard definitions,
, f or Q i = 0
Velocity of sound c s is defined as
The n th order susceptibility is defined as
where µ x is the chemical potential for conserved charge x. For our purpose x = B (baryon), S (strangeness) and Q (electric charge). In all our calculations we incorporated all the hadrons listed in the particle data book up to mass of 3 GeV [69] .
III. RESULTS
A. EOS at µ = 0 in presence of a magnetic field
The Equation of State (EOS) of magnetised hot and dense hadronic matter has already been studied in Ref. [55] . We repeat certain important features of the thermodynamics and EOS here. First we would like to estimate the limit of the magnetic field for different spin states. The lowest possible values of the single particle energy would correspond to the minimum value of s z (-ve for nonzero spin) and may be written as
(n = 0), the effective mass being m
. The constraint on the magnetic field arises from the notion that the effective mass has to be positive. The effective mass m ef f always increases for spin zero particles whereas it remains constant for spin half particles. So there is no constraint on magnetic field for these two classes of particles. However, the effective mass decreases for s ≥ 1 so there is a constraint on magnetic field for these particles and it varies from particle to particle. The range of q i B z is 0 Table I , we have shown number densities of several particles at T = 0.165 GeV and µ = 0. It is observed that, in presence of magnetic field, number densities are suppressed for spin zero particles whereas the effect is opposite for non zero spin particles. The enhancement of number density of spin 1 particle is much more compared to that for spin 1/2 particles. The change for the case of ∆ ++ is the most as it is doubly charged and has spin 3/2. These features arise from the nature of variation of the lowest possible values of E i with magnetic field for different spin states. Figure 1 shows variation of number densities of individual particles, scaled by the number density of π + , with different spin quantum numbers as functions of T . This figure gives an idea of the relative abundances of different particles in the medium. For example, at a temperature of 180 MeV the number density of proton is 0.1 times that of pion at zero magnetic field. This ratio increases to 0.2 once a magnetic field of 0.25 GeV 2 is switched on. So the relative abundance is increased by a factor 2. Even more dramatic changes are observed for higher spin states. For ρ + this factor is about 3 times whereas for ∆ ++ it is about 14 times. So one can conclude that that the composition of the medium changes drastically once a magnetic field is switched on. Figure 2 shows variation of pressure P , energy density ε, number density n, entropy density s, specific heat C V and square of the velocity of sound c 2 s with temperature in presence of magnetic field. We have chosen three values of the magnetic fields namely : eB z = 0.1, 0.2 and 0.25 GeV 2 . The highest value of the magnetic field is slightly less than the estimated magnetic field for LHC energy (15m 2 π = 0.29 GeV 2 ). We can see from Fig. 2 (a)-2(e) that P, ε, n, s and C V increase with increase in magnetic field. High temperature region is found to be more sensitive to the magnetic field compared to the low temperature region. The dependence of the speed of sound on the magnetic field is somewhat different. At smaller temperatures system is dominated by pions. For zero and small magnetic fields, when T > m π , pions become more relativistic and c 2 s increases. But for larger magnetic fields, pion mass becomes larger resulting into a decrease in c 2 s . At large temperatures mass effect and hence the effect of magnetic field becomes less important so c s 2 becomes almost independent of magnetic field. spin of ∆ ++ (1232) is 3/2 the effective mass of ∆ ++ (1232) decreases with magnetic field. Secondly, for a spin 3/2 and doubly charged particle the effect of degeneracy and magnetic field make the density increase faster. As a result the susceptibilities increase perceptibly at high temperature with the increase in magnetic field.
In the middle row of figure 3 we have plotted the variation of second order (χ S are similar in low T region up to 0.1 GeV. Since kaons are spin zero particles, their populations get suppressed in presence of B. However, since T is small, population itself is small and hence this suppression is also small. With increase in T , other strange mesons, like K * (spin one), starts populating the system. In presence of magnetic field populations of K * increases. As the contributions K and K * to the susceptibilities are opposite in nature, in presence of B, up to certain temperature (T < 0.12GeV ), susceptibilities for strange quantum number do not get affected much by the magnetic field. At higher temperatures, other strange hadrons (like Λ, Σ) start populating the system for which the susceptibilities increase with increasing magnetic field. Furthermore, at high temperature and high magnetic field, the contribution of K * , to the susceptibilities, is much more compared to that for K. This also makes the susceptibilities increase with magnetic field. Another important point is that at high T , several strange baryons like Ξ, Ω start populating the system. These particles have strange quantum number ±2 and ±3 respectively. Therefore, in the high T region, magnitude of χ S increase for higher orders.
The bottom row of figure 3 shows variation of second order (χ 2 Q ) and fourth order (χ 4 Q ) susceptibilities for net electric charge with T at µ = 0. These susceptibilities increase with increase in temperature. Temperature dependence of susceptibilities of conserved electric charges are quite interesting in presence of magnetic field. In the low temperature domain, χ 2 Q and χ 4 Q decrease in presence of magnetic field. Beyond certain temperature, those increase with increase in magnetic field. Also this limiting temperature decreases with increase in magnetic field. The dominant contribution to the susceptibilities of conserved electric charges at low temperatures come from pions (lightest hadron) which are spin zero particles. Next dominating contributions are coming from kaons which are also spin zero particles. Therefore, the populations of these particles get suppressed in presence of magnetic field. As a result susceptibilities of conserved electric charges decrease with increase of magnetic field at low temperature. With increase of temperature ρ, K * , p, ∆ etc., which are spin non-zero particles, appear in the system and these particles cause the susceptibilities to rise at high temperature. In figure 4 we have plotted the correlations (off diagonal susceptibilities) of conserved charges. For all the cases the correlations increase with magnetic field. The maximum effect is observed in the baryon charge sector as the baryons with higher spin states and charge contribute in this sector. Here the leading contributors are p, Σ ± and ∆. For all these particles the number density increases with increase in magnetic field, especially at high temperature, as a result the correlation increases. The leading order contribution to BS comes from Λ. However the contribution from Λ is not affected by magnetic field as it is an uncharged particle. The leading particles, in this sector, whose contributions are affected by the magnetic field are Σ ± . As the number densities of these particles increase in presence of a magnetic field the correlation also increases, especially at high temperature. For the QS sector, the correlation is suppressed at low temperature, in presence of a magnetic field, as the major contributions come from K ± . The number density of K ± , being a spin 0 particle, decreases in presence of a magnetic field. As the temperature increases the spin 1 particle K * ± appear in the medium. This makes the QS correlation increase at high temperature.
C. High density scenario
In this section we are going to discuss the high density scenario of different quantities in presence of a magnetic field. Table II lists the change in the individual population of some of the particle at T = 0.150 GeV and µ B = 0.6 GeV. In general, at finite density the population is larger compared to zero density case as can be seen from a comparison with table I. Moreover, the change in the respective populations, in presence of magnetic field, is much larger compared to zero density case. In Fig. 5 we have plotted the relative abundances of different particles with respect to the π + population. As in the case of µ = 0 scenario, here also the relative abundances change drastically as the density is increased.
In Fig. 6 we have shown pressure, energy density, number density, entropy density, specific heat and square of the velocity of sound as a function of µ B keeping temperature fixed at T = 0.15 GeV and µ S = µ Q = 0. We have considered three different values of magnetic field. All these quantities increases as we increase µ B as more and more particles get excited at high density. At high magnetic field there is an increase in population of baryons at high µ B . As a result these thermodynamic quantities increase at high B and µ B . The effect of magnetic field on C v is more pronounced at larger densities compared to large temperature and zero density case. On the other hand, magnetic field effect on c 2 s is much less at finite density. Figure 7 shows χ n x as functions of µ B for different conserved charges (x) at a fixed temperature and keeping µ S = µ Q = 0. The left column of this figure, which shows the plots of susceptibilities for conserved baryon number, one can see that susceptibilities for all the orders increase with increase in µ B . Also susceptibilities increase with increase in magnetic field and this effect is much more pronounced compared to the zero density scenario. At 0.15 GeV of temperature and at high density a large number of baryons populate the system. The population of each of the charged baryons increase with magnetic field. As a result susceptibilities increase. The middle column shows the variation of χ n S as functions of µ B under same conditions as above. Odd powers of χ S are negative because we keep µ S = µ Q = 0. Therefore, net kaon number is zero. So leading contribution to χ Further, fluctuations increase with increase in magnetic field. As the density increases more and more charged particles are excited. These charged particles interact with the magnetic field increasing the population further resulting in increase in susceptibilities at higher magnetic field. As a result the effect of magnetic field is maximum for this conserved charge. 
D. Beam energy dependence of the products of moments
Experimentally measured moments such as mean (M ), standard deviation (σ), skewness (S) and kurtosis (κ) of conserved charges are used to characterize the shape of charge distribution. These moments provide rich physics in heavy-ion physics experiments. The products of moments can be linked with susceptibilities by the following relations,
These ratios are independent of the volume of the system and play crucial role for the search of possible QCD critical point in the QCD phase diagram [65] . Figure 8 shows the products of moments of net-proton as a function of centre of mass energy √ s. Freeze-out parameters are taken from [49] . For (σ 2 /M ) p , there is no dependence on the magnetic field. A negligibly small dependence is observed for (Sσ) p and (κσ 2 ) p at very low √ s, where the density is very high and the temperature is low. At low √ s, i.e. at high net baryon density, the number of protons over that of anti-protons are large. As a result magnetic field effects are some what more prominent compared to high √ s (low density high temperature) domain. We have plotted experimental data of net-proton fluctuations for two different centrality of Au-Au collisions measured at STAR [66] as well. However, one-to-one comparison with experimental data may not be proper as we have not considered the acceptance cuts. In addition there are large error bars in both freeze out parameters and higher order product of moments, especially at lower √ s N N . Moreover, freeze out parameters may themselves be affected by the magnetic field. We have checked that the freezeout line of ε/n = 1 GeV at various magnetic fields and found that at low µ, there is a small shift in temperatures towards lower values with the increase in the magnetic field. On the other hand, at high µ there is an upward shift in temperature. This implies that the T and µ B at freeze out, for the same √ s N N , may differ for higher magnetic field. Since the magnetic field is expected to be different for different centrality, this may be one reason for the change in the moments with the centrality. However, it is necessary to determine the freeze out parameters more precisely with centrality as well for different magnetic field. Figure 9 shows similar plots for net-kaon. For (σ 2 /M ) k and (Sσ) k no magnetic-field dependence is observed. However, (κσ 2 ) k depends on magnetic-field. The quantity (κσ 2 ) k goes towards unity when exp((E i − µ i )/T ) is large and in that case spin statistics is not that important. At higher beam energy (i.e. high T and at small (E i − µ i )) when spin statistics is important, (κσ 2 ) k is greater than unity for bosons (and opposite for fermions) as can be seen from the figure (in same region (κσ 2 ) p is close to unity because of its larger mass). With increase of magnetic-field effective mass of kaon increases and hence (κσ 2 ) k decreases. At low √ s, magnetic field effects are not that prominent compared to net-proton since E − µ increases with increase of magnetic-field. The strange charged potential µ S is almost one order of magnitude smaller than µ B in that region.
In Fig. 10 , we have plotted the products of moments for net-charge as a function of centre of mass energy √ s. The products of moments for net charge are extremely sensitive to the magnetic field. In the plot of (σ 2 /M ) Q one can see that at low density and high temperature (i.e. at high √ s) this quantity is highly sensitive to the magnetic field. On the other hand (Sσ) Q is most sensitive to the magnetic field in the high density and low temperature (i.e. at low √ s) domain. The quantity (κσ 2 ) Q has a non monotonic dependence on the magnetic field. We have plotted experimental data of net-charge fluctuations for most central and most peripheral Au-Au collisions measured at STAR [67] . As to the case of net-proton, here also precise measurement for higher order fluctuations are necessary. 
IV. CONCLUSION
We have studied the thermodynamics and fluctuations of conserved charges, namely baryon, strangeness and electric charge, using HRG model in presence of a magnetic field. We have chosen three possible values of magnetic fields relevant to SPS, RHIC and LHC scenario. Whereas the population of spin zero hadrons decreases due to magnetic field, it increases for spin non zero hadrons. For hadrons with larger spin, increase in the population is quite large due to large suppression of the effective mass. This results in drastic changes of particle ratios and may even invert some of them. Such changes in the relative population of the particles may be a distinct signature of the presence of the magnetic field.
The various thermodynamic observables like pressure, energy density etc. as well as the fluctuations of conserved charges are also affected significantly by the magnetic field. The baryon number and electric charge number susceptibilities are more sensitive to the magnetic field as compared to the strangeness number susceptibilities. Among the correlators, the baryon−charge correlation is found to be the most sensitive. The ratios of fluctuations that are measurable experimentally also manifest some effects of the magnetic field. We found that these ratios for the net proton and net kaon have a soft dependence on the magnetic field whereas for net electric charge the dependence is quite strong.
The understanding of the centrality dependence of magnetic field and hence the freeze out parameters is extremely important for the quantitative comparison with the experimental data. In general magnetic field is smaller at lower beam energies. But at FAIR, due to large stopping, the initial large angular momentum may contribute to the generation of magnetic field as well. In that case the magnetic field in FAIR may not be very small and its effect may impact the particle population.
